Introduction: X-ray imaging is an important part of medicine and plays a crucial role in radiotherapy. Education in this field is mostly limited to textbook teaching due to equipment restrictions. A novel simulation tool, ImaSim, for teaching the fundamentals of the x-ray imaging process based on ray-tracing is presented in this work. ImaSim is used interactively via a graphical user interface (GUI).
INTRODUCTION
There is a necessity to teach a range of healthcare professionals aspects of medical x-ray imaging. Engineers, medical physicists, radiologists, radiation oncologists, technologists, and many more need some degree of education in the basic physics involved with imaging.
At any level, a hands on approach coupled to classroom teaching can be beneficial to the understanding of the imaging process. Unfortunately, for most students, imaging equipment is generally monopolized by patient care, limiting the amount of time students can spend experimenting with principles learned in the classroom and their effects on image quality. Furthermore, it is often difficult to vary imaging parameters in a clinical setting since the equipment has been designed for specific purposes. Therefore, there is a clear need for a simulation environment capable of producing virtual medical x-ray images. Such a software package would serve as a useful educational tool for medical x-ray imaging.
Software packages based on simulations of x-ray imaging have been previously released: [12, 23] presented planar x-ray imaging simulation tools based on the Monte Carlo method, while [3] presented a computed tomography (CT) and cone beam CT (CBCT) simulation tool, also based on the Monte Carlo method, with calculation times in the order of hours for a single projection. Other packages have been oriented toward teaching in radiotherapy: RadSim [21] can be used to simulate the main particle interactions of interest in radiotherapy. SpekCalc [15] , an x-ray spectrum calculation tool based on a verified model [16, 17] , simulates x-ray production from tungsten targets in the radiology and superficial or orthovoltage therapy energy ranges. This paper describes a novel educational tool for teaching or self-learning the basics of the x-ray imaging process, ImaSim, consisting of a teaching software package based on a simulation environment. ImaSim is highly interactive and its utilization via a graphical user interface (GUI) is intuitive. The software package covers the main x-ray based modalities: planar kilovoltage (kV), planar (portal) megavoltage (MV), fan beam CT, and CBCT imaging. The program follows a ray-tracing approach and ignores photon scatter in its current implementation, in order to reduce calculation times. 
MATERIALS AND METHODS

MODULAR APPROACH
ImaSim was developed with a modular approach. To simplify the development as well as the learning experience, the imaging process has been broken down into a series of modules. With the aid of a GUI and three-dimensional (3D) environments, the user goes through (1) source selection, (2) object selection, (3) setup selection, (4) detector response selection and (5) image tools. Modules (1-3) have associated editors, enabling the user to create custom imaging geometries and simulation scenarios by modifying imaging parameters. These parameters are listed in Table 1 . To provide the user with a sense of flow and facilitate his comprehension of the imaging process, the progression through the modules follows a series of logical steps described in Figure 1 . ImaSim can be extended to account for voxelized 3D phantoms as objects to be imaged (e.g., derived from CT scans), although this is not available in the current release.
THE SIMULATION PROCESS
Once an imaging modality has been selected (out of planar kV, CT, CBCT, and planar MV), ImaSim presents the user with the main simulation window as shown in Figure 2 for CT imaging. This window lets the user select a source, composite object, setup and detector from lists of previously created items. If no item satisfying the user's needs is available, editors can be launched to create the required item (source, object, or setup). The following sections cover modules 1-4 before explaining the underlying mechanism of image formation in ImaSim and finally covering the image tools module (5).
SOURCE
Two types of x-ray sources can be modeled in the software. Two megavoltage (MV) sources are selected from a library of spectra [7] and 6 MV linac spectrum from the EGSnrc distribution [9] . The library can easily be extended by the user. Custom kV sources can be created by using a modified version of SpekCalc integrated in ImaSim. This approach was chosen because a limited range of MV energies is used for verification imaging and image quality does not depend strongly on the details of the MV spectra, while for kV imaging more flexibility was allowed to reflect the wide range of applications. As the code of SpekCalc calculates the photon spectrum from an energy and depth distribution of electrons in tungsten, it was extended in ImaSim to account for the heel effect in planar x-ray imaging along the cathode anode direction. This is done, for a given position on the cathode anode axis, by calculating the target attenuation for photons from each depth bin (in the target).
1 http://imasim.weebly.com/
OBJECT
The user is provided with the ability to image user created custom composite objects using an editor. These are built with an object editor containing a 3D viewing environment as shown in Figure 2 . Composite objects created in ImaSim are based on the building blocks listed in Table 1 . A composite object consists of a combination of such building blocks. Blocks can be translated, rotated and resized. Each block has an assigned material, chosen from a total of 124 different tissue/tissue-substitute compositions. Compositions are mostly from [13, 19, 22, 24] . A few additional materials are also available, notably tissue substitutes from CIRS (Norfolk, USA, compositions from communication with CIRS). The associated photon linear attenuation coefficient data was obtained from the XCOM web database [4] .
SETUP
Another 3D editor, the setup editor, provides the user with the ability to position the photon source, composite object and detector in a coordinate system. Detector size and resolution as well as number of projections in CT or CBCT can also be modified with this editor. For CT a bowtie filter can be set up. The user can choose between three materials (water, PMMA, aluminium). The shape of the bowtie is calculated on the fly by first determining, for a given spectrum, the detector signal profile of a water cylinder of a user-specified radius. The mean energy of the spectrum is then used to determine the thickness of bowtie material yielding a flat detector signal profile.
DETECTOR RESPONSE
A detector energy response can be chosen. Energy response curves govern the amount of energy absorbed in the (energy integrating) detector by incident photons. These curves vary with incident photon energy and have been pre-calculated with Monte Carlo techniques for various detector types. To obtain these responses, the Monte Carlo code GEANT4 [1] was used to determine the fraction of energy deposited by monoenergetic photons in beam geometry in layers of CsI and Gd 2 O 2 S of varying thicknesses, with varying thicknesses of aluminium or copper as covers and with 3 cm of water as backscatter.
PHOTON TRANSPORT AND DETECTION
Once a source, composite object and detector have been set up and positioned in space, it is possible to simulate the acquisition of x-ray transmission data. To minimize calculation speed, the photon transport model included in ImaSim is based on ray-tracing with attenuation coefficients from the NIST XCOM database. Since objects are based on specific geometrical shapes and not voxels, the ray tracing algorithm is not currently designed to handle voxelized geometries such as CT datasets.
In a simulation, the radiological path is calculated at every pair of source points and detector elements, and for each energy in the source's spectrum. To limit calculation time, a single source point is used by default and the intensity at the central point of a detector element is calculated. For planar x-ray imaging, it is possible to sample from multiple source points to replicate focal spot blurring.
For kV sources, the user can provide the mAs. This will cause Poisson noise to be added to detector signals (from energy integrating detectors) according to the number of quanta reaching them. For MV sources noise can be added to detector signals by giving the total number of unattenuated quanta N reaching an on axis detector element. A value for N is provided by default, but the user can modify it to suit his purpose. This number is then scaled according to the detector signal (from the object-attenuated fluence) and Poisson noise is applied (using a Gaussian assumption). 
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IMAGE RECONSTRUCTION
CT reconstruction is based on the filtered backprojection algorithm. To permit the use of the classical parallel beam formulation of the filtered backprojection (which is generally the formulation taught), sinograms obtained from fan beam geometries are reinterpolated to paralleled geometry following the approach of [14] . Three filters (ram-lak, shepp-logan and cosine) are implemented according to [5] . CBCT reconstruction is based on the FDK algorithm [6] with the same filter implementation as in CT. By default, a beam hardening correction based on water attenuation properties under the selected spectrum and detector response is applied prior to reconstruction for both CT and CBCT, as well as zero-padding to the next power of two. Both these options can be turned off.
IMAGE TOOLS
ImaSim provides a basic image analysis tool where quantitative data can be extracted from images. Simple operations listed in Table 1 can be performed on images. A MATLAB (MathWorks, Natick, MA) routine is also distributed with the release, which permits loading saved data and images into MATLAB.
TESTING
ImaSim
CT imaging
A model 002HN phantom (16 cm diameter) (CIRS Inc., Norfolk, VA) containing 5 different tissue-mimicking inserts (set 002ED from CIRS) was scanned with a second-generation dual source CT scanner (SOMATOM Definition FLASH, Siemens Healthcare, Forchheim, Germany) at 80 kVp and 140 kVp. Both spectra were generated in ImaSim following communication with Siemens regarding filtration. The scanning of the phantom was simulated and HU were compared with measurements. Simulated images were reconstructed with the cosine filter, while the measured images were reconstructed with Siemens' D26f filter.
Heel effect in x-ray tubes
To verify the validity of the treatment of the heel effect in ImaSim, a Monte Carlo simulation of an x-ray tube was performed using a BEAMnrc model [9, 18, 20] . The simulated x-ray tube consists of a tungsten target with a 25 degrees target angle. An electron beam accelerated by 140 kV with a 0.6 × 0.6 mm 2 square cross section was incident on the target. The number of simulated electrons was 4 × 10 8 and phase space files were scored at 10 cm SSD. The beam was filtered by 1 mm Al and 0.11 mm Cu.
A modified version of SpekCalc (as described at the end of section Source) included in ImaSim was used to calculate photon spectra in a detector plane situated at a 10 cm SSD. The finite focal spot was not modeled. The total number of photons normalized to unity at the center of the field and the mean energy along the cathode anode direction were derived for both Monte Carlo and ImaSim simulations. Figure 3 shows CT images of the CIRS phantom obtained from measurements and simulation at 80 kVp. The quantitative comparison of HU from the measurements and simulations are presented in Table 2 for 80 kVp and 140 kVp. Good agreement between simulation and measurement was obtained, with a largest difference of 36 HU for bone at 140 kVp. This corresponds to a 2% difference of the linear attenuation coefficient. While the standard deviations of measurement and simulation have been matched by adjusting the mAs in ImaSim (5 HU in central insert), we see in Figure 3 that the noise structure from the measurement is not perfectly replicated by ImaSim. This is potentially attributable to a mismatch between the reconstruction filters used in either cases. ImaSim enables the user to explore the effect of using different reconstruction filters. Figure 4 presents the results of our Monte Carlo and ImaSim simulations of the heel effect. It is clearly visible with a 60% decrease of photon fluence observed by moving 2 cm from the center of the field toward the anode. The mean photon energy profiles also 
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DISCUSSION
A software package, ImaSim, containing a simulation environment for teaching and self-learning the fundamentals of medical x-ray imaging has been developed. With the aid of an intuitive GUI, image creation with the main x-ray based imaging modalities found in radiology or radiotherapy departments can be virtually explored.
ImaSim has the potential to reduce the need for handson experiment with expensive and heavily used equipment. Furthermore, it eliminates the risk of damaging medical equipment and provides a control over imaging parameters not found in an imaging suite.
While not initially intended for research purposes, ImaSim has been used in recently published studies to generate simulated CT images in the context of DECT imaging [10] . If the software package is to be used in a research setting, care must be taken to properly validate its results [11] . These results, and those from Figure 3 and Table 1 indicate that ImaSim should be adequate to simulate many aspects of CT imaging. This might not be the case for CBCT imaging, given the importance of scatter (not modeled) for that modality, although ImaSim could be used in the evaluation of scatter removal algorithms. The same applies to portal imaging (MV planar imaging).
The modular approach of ImaSim facilitates its expansion. Additional features such as the ability to load voxelized CT datasets are currently considered. testing of ImaSim, writing manuscript, acquisition of funding to develop ImaSim.
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